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Project Overview 

Venkat Srinivasan PI (Argonne National Laboratory) and Samuel Gillard (Department of Energy) 

 

DOE-EERE has identified fast charge as a critical challenge in ensuring mass adoption of electric vehicles 

with a goal of 15-min recharge time. Present day high energy cells with graphite anodes and transition metal 

cathodes in a liquid electrolyte are unable to achieve this without negatively effecting battery performance. 

There are numerous challenges that limit such extreme fast charging at the cell level, including Li plating, 

rapid temperature rise, and possible particle cracking. Of these, Li plating is thought to be the primary culprit. 

This project aims to gain an understanding of the main limitations during fast charge using a combined 

approach involving cell builds, testing under various conditions, characterization, and continuum scale 

mathematical modeling. Expertise from three National Labs are utilized to make progress in the project.  

 

Cells are built at the Cell Analysis, Modeling, and Prototyping (CAMP) facility at Argonne National Lab 

(ANL) using various carbons, different cell designs, in both half-cell and full cell configuration and with 

reference electrodes. Cells are tested at both Idaho National Lab (INL) and ANL under various operating 

conditions (c-rate, temperature) and under different charging protocols with the aim of identifying the onset of 

plating, to quantify the extent of the problem, and to determine parameters and test data for mathematical 

models. Tested cells are opened and various advanced characterizing performed at ANL to determine the 

extent of plating and to determine if other failure models, such as particle cracking, also play a role. 

 

A critical part of the project is the use of continuum scale mathematical models to understand the limitations at 

high charge rates and therefore suggest possible solutions that can be pursued. Both macro-scale approaches 

and microstructure-based simulations are pursued and serve to complement each other. Macromodeling at 

National Renewable Energy Lab (NREL) is used to test cell designs, accompanied by microstructure models to 

provide deeper insights into the phenomenon in the battery. This is complemented with development of models 

incorporating of new physics, such as phase change and SEI growth, at ANL. 

 

Finally, two exploratory projects aim to study ways to detect Li in situ during operation. NREL will pursue the 

use of microcalorimetry to detect heat signatures during plating. INL will work with Princeton University to 

examine the use of acoustic methods to determine if plating leads to a signature in the acoustic signal. 

 

Over the last two quarters the research teams have strengthened the collaboration and synergies between the 

modeling and experimental efforts are being exploited to further the understanding of the impact of fast charge 

on performance.  It is clear that low loading cells (2 mAh/cm2) show excellent cycling capability, although this 

does not necessary mean that a certain amount of Li plating does not occur.  However, increasing the loading 

to 3 mAh/cm2 leads to larger variation in performance, with some ells shows good cycling capability, while 

others show rapid fade.  These results are largely consistent with the modeling predictions that show similar 

loading-Li plating relation, resulting from the large polarization within the anode and the reaction distribution 

that is increasingly critical as loading increases.  Modeling predictions also show that reduced tortuosity 

electrodes can help alleviate the Li plating issue.  However, a deeper analysis of the parameters that are used in 

the model, especially the diffusion coefficient is needed in order to ensure accurate predictions.   
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ANL: CAMP Facility Electrode and Cell Development for Fast Charge 

Alison Dunlop, Andrew Jansen (PI), Bryant Polzin, and Steve Trask (Argonne National Laboratory) 

Background 

 

In this first yearôs effort, the Cell Analysis, Modeling, and Prototyping (CAMP) Facilityôs objective is to 

develop experimental electrodes that will be used to identify causes of lithium plating at fast charges in single-

layer pouch cells. Earlier work at Argonne by Gallagher et al. [1] had studied the influence of capacity loading 

on material utilization at various discharge rates. This work also touched on the effect of charge rate on 

capacity retention and lithium plating, which is summarized in Figure 1. These single-layer pouch cells were 

originally charged for 285 cycles at a C/3 rate, after which the charge rate was increased to C/1 (followed by 

trickle charging to 4.2 V) up to 549 cycles, and for the surviving cells, the charge rate was further increased to 

1.5C. The discharge rate was held at C/3 rate in all cases to remove that rate as a variable. As can be seen in 

Figure 1, it is clear that the electrodes with loadings higher than ~3 mAh/cm² could not sustain a charge rate 

higher than C/1. 

 

Figure 1. Discharge capacity as a function of electrode loading (mAh/cm²) and charge rate (left) and photos of lithium 

deposits on representative graphite electrodes (right). These results were obtained with capacity-matched cells using 

graphite negative electrodes and LiNi0.6Mn0.2Co0.2O2 (NMC622) positive electrodes. 

 

Evidence of lithium plating was sought for these cells by disassembling representative cells in a dry room after 

a 24-h voltage hold at 3.75 V and then washing with dimethyl carbonate. As expected, cells with the largest 

capacity fade exhibited the most lithium deposits as can be seen in Figure 1. Surprisingly, fully discharging 

one of the 4.4 mAh/cm² cells at a low rate before disassembly did not remove the lithium deposits from the 

negative electrode surface, which suggests that the lithium deposits becomes electrically isolated from the 

graphite electrode. 

 

The goal of the work now is to determine the influence of graphite selection on fast charge capability, at an 

even faster rate of 6C. Initial expectations are that the physical properties of the graphite particles in the 

negative electrode will affect the onset of lithium dendrites. These properties include the surface area, particle 

size, size distribution, surface coatings/modifications, and source of graphite, i.e., natural graphite versus 

artificial graphite. The CAMP Facility has a range of graphite powders suitable for this study that can provide 

a basis of comparison for these properties. At least four different graphite powders will be made into negative 

electrodes and evaluated for fast charge performance against a standard NMC532 positive electrode. This 
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screening test will be performed in coin cells. The best performing graphite material will then be used in 

single-sided single-layer pouch cell builds and delivered to battery testing labs in this program for complete 

electrochemical characterization under fast charge conditions. 

 

A second single-sided single-layer pouch cell build will be performed based on the preliminary results of the 

coin-cell graphite screening results and the first pouch cell build. This second cell build will either use a 

different graphite or a higher electrode mass loading (thicker). These pouch cells will also be delivered to the 

battery test labs for evaluation and analysis.  

 

Results 

 

Prescreening of Available Graphite Powders 

Table 1 lists the available properties for the graphite powders selected in the prescreening tests initiated at the 

start of this fiscal year. Since several of these powders were already incorporated into the CAMP Facilityôs 

Electrode Library, it was decided to evaluate these materials using the Libraryôs anode capacity loading of 

2 mAh/cm² against capacity-matched NMC532 positive electrodes also in the Library. The n:p ratios were 

~1.1 to 1.2. Graphite materials not in the Electrode Library were designed and developed at the same capacity 

loading (and added to the Library).  

 

Table-1: Graphite powders selected to elucidate causes of lithium plating during fast charges. 

Trade 

Name 
Company Type 

Particle 

shape or 

morphology 

Tap 

Density, 

[g/mL]  

Surface 

Area, 

[m²/g]  

Particle 

Size 

D10, 

[µm] 

Particle 

Size 

D50, 

[µm] 

Particle 

Size 

D90, 

[µm] 

SLC1506T* 
Superior 

Graphite 

coated, natural 

graphite 

spherical 

graphite 

powder 

1.03 1.936 5.37 8.06 13.15 

SLC1520P 
Superior 

Graphite 

coated, natural 

graphite 

spherical 

graphite 

powder 

1.19 0.89 11.03 16.94 26.76 

MagE3 Hitachi 

artificial 

graphite, 

combines hard 

graphite 

additive 

  0.90 3.9 - 22.4 - 

MCMB Gelon 

Artificial, 

Mesocarbon 

Microbeads 

standard type-

G15 

MesoCarbon 

MicroBeads 
1.324 2.022   17.649    

CPG-A12 
Phillips 

66 

natural 

graphite core 

coated with 

surface 

treatment 

potato - 2 to 4 - 9 to 12 - 
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Trade 

Name 
Company Type 

Particle 

shape or 

morphology 

Tap 

Density, 

[g/mL]  

Surface 

Area, 

[m²/g]  

Particle 

Size 

D10, 

[µm] 

Particle 

Size 

D50, 

[µm] 

Particle 

Size 

D90, 

[µm] 

BTR-BFC-

10 
BTR 

 Artificial 

Graphite High 

Energy Fast 

Charge 

[Targray-

SPGPT805] 

TBD 0.770 2.487 6.539 11.196  18.891  

Coin cells were assembled with 14 mm diameter cathodes and 15 mm diameter anodes using Celgard 2320 

separator (20 µm, PP/PE/PP) and Tomiyama 1.2 M LiPF6 in EC:EMC (3:7 wt%) ñGen2ò electrolyte. Four 

duplicate coin-cells were made for each graphite. The coin cells were then cycled in the 3.0 to 4.1V window 

with 3 formation cycles at C/10 (w/ C/20 trickle charge), followed by 250 cycles of fast charging at 6C with 

trickle charge down to C/5 until a maximum charge time of 10 minutes was reached, with C/2 discharges. 

2 minute open circuit rests were used between charge and discharge steps. This profile was repeated until 

<80% of the capacity measured at the 10th cycle remained.  

 

At this relatively low loading, all of the graphite materials in Table 1 were able to cycle under a 6C charge rate 

for 750 cycles, at which point they were removed from testing and given to the Post-Test Facility for tear down 

and inspection. A comparative summary of their capacity over cycling is best illustrated in Figure 2, which is 

the average of the cells (with standard deviations) for each graphite. This data was also analyzed in terms of 

capacity retention, and is summarized in Table 2. Cycle 10 was used as the common cycle in normalizing this 

data, which is a point where the majority of cells were considered to be stabilized. Surprisingly, nearly all cells 

have reached 750 cycles with 80 % capacity retention. A few conclusions can be postulated here based on this 

data, namely: 1) these selected graphites are statistically similar at this relatively low capacity loading 

(2 mAh/cm²); 2) the difference between natural graphite and synthetic graphite is not significant; and 

3) SLC1506T graphite and MCMB graphite appear to have higher capacity utilization compared to the other 

graphite materials. Although it should be pointed out that none of these electrodes were designed for fast 

charging. It remains to be seen if these observations hold true at higher capacity loadings. A decision was 

made in January (2018) to use the SLC1506T graphite from Superior Graphite for the first pouch cell build 

deliverable in order to meet the deadline for delivery of these pouch cells to the battery testing labs.  
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Figure 2. Discharge capacity retention for the graphite materials selected in the coin-cell prescreening study under 6C 

charge and C/2 discharge between 3 ð 4.1 V at 30°C (anode capacity of 2 mAh/cm²). +cycler issue 

 

 

Earlier work [1] that addressed the effects of capacity loading on rate performance had indicated that cathode 

capacity loadings above 2 mAh/cm² experienced lithium plating at charge rates as low as 1.5C. This appeared 

to be in conflict with the observations from the early prescreening results obtained at the beginning of this 

fiscal year. One difference noted was that the electrodes in reference [1] were made by an outside vendor using 

an aqueous CMC-SBR binder, while the CAMP Facility electrodes use a NMP-based PVDF binder. To test the 

binder effect, the CAMP Facility remade the MAG-E3 graphite electrode using a CMC-SBR binder. This 

electrode was then tested at the 6C charge rate in the same manner as the prescreening graphite materials 

Table -2: Summary of capacity retention for selected graphites and binders in prescreening task. 

(Discharge Capacity Retention is based on the 10th cycle (6C Chg, C/2 Dchg)) 
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presented in Figure 2 above. The results of this binder comparison are presented in Figure 3, where one can 

conclude that there is no significant difference in the capacity fade rate for either binder system. Although, the  

 

 

Figure 3. Discharge capacity for the MAG-E3 graphite using CMC-SBR binder versus NMP-based PVDF binder in the coin-cell 

prescreening study under 6C charge and C/2 discharge between 3 ð 4.1 V at 30°C (2 mAh/cm²). 

behavior of the CMC-SBR cells seem to behave in a better predicable manner. Representative cells from each 

of these cell sets was opened in a glove box and inspected for signs of plating, which is shown in the insets of 

Figure 3. There were clear signs of lithium plating near the perimeter of the graphite electrode in the cell with 

PVDF binder, while there was only a light ñhaloò near the perimeter for the CMC-SBR cell. The influence of 

binder type should be explored later in cells with higher capacity loadings. 

 

Coin-cell GITT Study 

Lithium-ion diffusion coefficients through these different graphite materials is needed to accurately model the 

electrochemical processes taking place during fast charges. One of the best methods to obtain these 

coefficients is obtained via the Galvanic Interruption Titration Technique (GITT). The CAMP Facility is 

providing 15 duplicate coin-cells for each of the graphite materials listed in Table 1 to Argonneôs EADL (Ira 

Bloom). The results of this on-going study are presented in the EADL report. The coin cells were assembled 

with 15 mm diameter graphite electrodes and 15.6 mm diameter lithium metal counter electrodes using 

Celgard 2325 separator (25 µm, PP/PE/PP) and Tomiyama 1.2 M LiPF6 in EC:EMC (3:7 wt%) ñGen2ò 

electrolyte. No formation cycles or other cycles were applied to these coin cells so that the EADL could 

capture the first lithiation electrochemical response. The cells were delivered to EADL and put on test within a 

few hours of assembly to minimize corrosion of the copper current collector. The list of graphite coin cells 

produced for this GITT study so far are: MCMB (A-A010), delivered 10/25/17; SLC1506T (A-A015), 

delivered 12/18/17; SLC1520P (A-A005A), delivered 12/19/17; and MAG-E3 (A-A016), delivered 2/22/18. 

The BTR-BFC-10 and A12 graphite cells will be produced later if needed.  

 

Round 1 Pouch Cell Deliverables (Single-sided Single-layer) 

Pouch cells were assembled with 14.1 cm² single-sided cathodes (0.145 grams of NMC532 per pouch cell) and 

14.9 cm² single-sided graphite anodes (SLC1506T from Superior Graphite) using Celgard 2320 separator (20 

µm, PP/PE/PP) and 0.5 mL of Tomiyama 1.2 M LiPF6 in EC:EMC (3:7 wt%) ñGen2ò electrolyte. The n:p ratio 
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is between 1.12 to 1.22 for this voltage window (3.0 to 4.1 V). After assembly, the pouch cells underwent 

formation cycles at ~4 psi in the 3.0 to 4.1 V window as follows: 1.5 V tap charge and hold for 15 minutes, 

followed by a 12 hour rest, and then 3 cycles at C/10, followed by 3 cycles at C/2. The cells were then brought 

to a safe state of charge by constant voltage charging to 3.5 V for 6 hours, and then degassed, and prepared for 

shipping/delivery to the battery test labs. A nominal C/3 capacity of 19 mAh was recommend for future tests.  

 

INL requested 30 of these pouch cells for testing. These 30 cells were received at INL the week of 2/13/18. 

Argonneôs EADL requested 16 of these pouch cells for testing in February. These 16 cells were delivered to 

Argonne on 2/15/18 in 4 test fixtures at ~4 psi. An additional 16 pouch cells were assembled and kept dry (no 

electrolyte) for Argonneôs EADL for future rounds of testing. These additional cells were later filled with 

electrolyte and electrochemically formed by the CAMP Facility and delivered to EADL on 5/17/18.  

 

In addition, NREL requested 4 of these pouch cells fully formed similar to INL and Argonneôs EADL pouch 

cells for micro-calorimetry studies. They also requested 2 dry pouch cells and several punched pristine anodes 

and cathodes that are used in the pouch cells. All of these cells and electrodes were shipped to NREL at the 

end of February. NREL also requested 4 graphite (SLC1506T) half-cell pouch-cells and 4 NMC532 half-cell 

pouch-cells, which were assembled with no electrolyte (dry) and shipped to NREL the week of 5/28/18. 

 

Round 2 Pouch Cell Deliverables (Single-sided Single-layer) 

Several options were available in designing the second pouch cell build. These options included changing the 

graphite, binder, and electrode capacity loading. Since the results from designing the first cell build indicated 

that the choice of graphite and binder were not the dominant driving factor in the fast charge performance, it 

was decided to focus on increasing the electrode capacity loading. As in the 1st pouch cell build, a quick 

screening was performed to determine an electrode loading that would yield at least a few hundred fast charge 

cycles. The CAMP Facility searched through their available electrodes with varying electrode loadings to find 

suitable capacity-matched anode-cathode pairs. Four sets of matched A12 Graphite versus NMC532 were 

found with nominal loadings of 1.5, 3.0, 4.5, and 5.5 mAh/cm². Coin cells were made with these electrodes and 

formed at C/10 rate, after which, they were subjected to several 6C charges. It was quite clear from the 

resulting capacity utilizations that cathode electrode loadings above ~2.5 mAh/cm² were not able to charge at a 

true 6C rate. (This data was shown at the recent DOE-EERE-VTO Annual Merit Review in June.) Thus, it was 

decided that the 2nd pouch cell build would use a graphite electrode loading of 3.0 mAh/cm², using the same 

graphite (SLC1506T from Superior Graphite) and PVDF binder.  

 

Single-sided anode and cathode electrodes were then made with capacity loading of 3.0 and 2.7 mAh/cm², 

respectively; the n:p ratios were 1.07 to 1.16. Coin cells were assembled with 14 mm diameter cathodes and 

15 mm diameter anodes using Celgard 2320 separator (20 µm, PP/PE/PP) and Tomiyama 1.2 M LiPF6 in 

EC:EMC (3:7 wt%) ñGen2ò electrolyte. Eight replicate coin-cells were made and then cycled in the 3.0 to 

4.1V window with 3 formation cycles at C/10 (w/ C/20 trickle charge) followed by 3 cycles at C/2 (w/ C/10 

trickle charge). After which, 4 of these cells were cycled at a 4C rate and the remaining four were cycled at a 

6C rate with trickle charge down to C/5 until a maximum charge time of 15 or 10 minutes, respectively, was 

reached, with C/2 discharges and 2 minute open circuit rests between charge and discharge steps, for 

250 cycles (with 3 cycles at C/2 in between). This profile is repeated until <80% of the capacity measured at 

the 10th cycle remained.  

 

Figure 4 is a summary of the 2nd Round coin cells compared to the 1st Round coin cells. While at first it 

appears that the higher capacity loading coin cells (2nd Round) are able to achieve 600 cycles at a 6C rate, it is 

apparent that these cells did not perform equally, unlike the 1st Round coin cells which show little cell-to-cell 

variance in capacity over cycles. Several of the 2nd Round coin cells failed early on and were removed from the 

figure. In addition, note the large loss of capacity utilization between the cells charged at the 6C rate versus the 

4C rate. It will be interesting to see if the 2nd Round pouch cells exhibit similar behavior. 

 



10 

 

Figure 4. Discharge capacities for the 2nd Round coin cells (Purple and Blue) compared to the 1st Round coin cells (Green) 

cycled under 6C (and 4C) charge rates (Superior Graphite SLC1506T vs. NMC532). 

Pouch cells were assembled with 14.1 cm² single-sided cathodes (0.236 grams of NMC532 per pouch cell) and 

14.9 cm² single-sided graphite anodes (SLC1506T from Superior Graphite) using Celgard 2320 separator 

(20 µm, PP/PE/PP) and 0.615 mL of Tomiyama 1.2 M LiPF6 in EC:EMC (3:7 wt%) ñGen2ò electrolyte for an 

electrolyte-to-pore volume factor of 4.20. The n:p ratio is between 1.07 to 1.16 for this voltage window (3.0 to 

4.1 V). After assembly, the pouch cells underwent formation cycles at ~4 psi in the 3.0 to 4.1 V window as 

follows: 1.5 V tap charge and hold for 15 minutes, followed by a 12 hour rest, and then 3 cycles at C/10, 

followed by 3 cycles at C/2. The cells were then brought to a safe state of charge by constant voltage charging 

to 3.5 V for 6 hours, and then degassed, and prepared for shipping/delivery to the battery test labs. A nominal 

C/2 capacity of 32 mAh was recommend for future tests. A plot of the discharge capacities during the 

formation cycles applied to the 24 pouch cells delivered to INL is shown in Figure 5. 
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Figure 5. Discharge capacities from formation cycles for 24 single-sided single-layer 2nd Round pouch cells (Superior 

Graphite SLC1506T vs. NMC532) delivered to INL. 

 

INL requested 24 of the 2nd Round pouch cells for testing. These 24 cells were received at INL the week of 

6/18/18. Argonneôs EADL requested 16 of the 2nd Round pouch cells for testing at a later date in July. In 

addition, NREL requested 4 of the 2nd Round pouch cells fully formed similar to INLôs pouch cells for micro-

calorimetry studies, which were received at NREL the week of 6/18/18. They also requested 4 dry pouch cells 

and several punched pristine anodes and cathodes that are used in the pouch cells, and 4 graphite (SLC1506T) 

half-cell pouch-cells and 4 NMC532 half-cell pouch-cells. These electrodes and cells will be assembled and 

shipped in July/August time frame.  

 

Conclusions 

 

Six different graphite negatives were chosen from the CAMP Facilityôs Electrode Library for fast-charge 

prescreening and GITT study in coin-cells. Surprisingly similar fade rates were observed at the 6C charge for 

many of these graphite materials. All of the selected graphites were able to achieve 750 cycles with 80% 

capacity retention. A decision was made early in the prescreening study to use SLC1506T graphite from 

Superior Graphite for the first single-sided single-layer pouch cell build using a 2 mAh/cm² graphite loading.  

 

CMC-SBR vs. PVDF binder showed little difference at the 2 mAh/cm² graphite loading.  

Over 70 single-sided single-layer pouch cells were fabricated and delivered to lab partners (INL, ANL, and 

NREL) for fast charge testing with a recommended 19 mAh capacity at the C/3 rate. Half-cell pouch-cells 

were also designed, fabricated, and delivered to NREL. 

 

Prescreening of anode-cathode pairs with varying electrode capacity loading indicated that loadings over 

~2.5 mAh/cm² were not able to charge at a true 6C rate. Thus, the 2nd Round pouch cell build was designed 

with a graphite loading of 3.0 mAh/cm². 24 of these 2nd Round pouch cells were delivered to INL and 4 were 

delivered to NREL. 16 2nd Round pouch cells will be formed and delivered to Argonneôs EADL in the near 

future.  
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Milestones and Deliverables 

 

Status of tasks this quarter and beyond: 

B1000  Select candidate materials for first cell builds 9/1/2017 - 11/15/2017 Completed 

B1010  Deliver all known characterization information to NREL  

    modeling team for selected graphite candidates 11/1/2017 - 1/31/2018 Completed 

B1020  Workshop on lithium plating detection 12/6/2017 -12/6/2017 Completed 

B1030  Build and deliver first cell builds to ANL/INL test lab 1/1/2018 - 2/28/2018 Completed 

B1040  Second cell builds(single-sided, single layer) 3/15/2018 - 4/27/2018 Delayed 4 wk 
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Multi-scale Modeling of Battery Extreme Fast Charging (National Renewable Energy 

Laboratory) 

Matthew Keyser, Kandler Smith, Shriram Santhanagopalan, Francois Usseglio-Viretta, and Andrew 

Colclasure (NREL) 

Background 

 

To understand fundamental Li-ion cell limitations from transport/kinetic losses during extreme fast charging 

(XFC), NREL is performing characterization and modeling studies of graphite/NMC532 cells. The studies are 

based on electrodes fabricated at Argonne National Laboratoryôs (ANLôs) Cell Analysis, Modeling and 

Prototyping (CAMP) facility. The cells use 6 different graphite variants from multiple vendors. Tomographic 

imaging, followed by microstructure analysis was performed to estimate the tortuosity of the various graphite 

electrodes. We find experimentally observed fast-charge performance differences across the graphite variants 

is largely explained by the different tortuosities quantified by the microstructure models. Tortuosity is found to 

be a strong function of graphite particle morphology and, for the non-spherical particles, the particlesô 

directional alignment. Alignment of particles in the electrode in-plane direction is detrimental to performance. 

Initial 3D electrochemical microstructure model results quantify heterogeneous utilization of the graphite 

electrode and reduction of tortuosity when straight pore channels are introduced into an electrode. Lastly, a 

macro-homogeneous model is used to explore the electrode design space with respect to fast charge 

performance and onset of Li plating. The model results are helping guide experimental studies and quantify 

tradeoffs in different electrode design pathways to enable XFC. 

 

Results 

 



13 

Microstructure characterization  

The tortuosity factor Ű denotes the effect of the 

convoluted, tortuous path of the pores that hinder the 

lithium-ion transport in the electrolyte phase. It relates 

the effective diffusion coefficient Ὀ  used in macro-

homogenous model with the electrolyte bulk diffusion 

Ὀ and the porosity ‐ as: 

 

It is also related with the Bruggeman exponent ὴ as 

† ‐ . Typically, a Bruggeman exponent of 1.5 has 

been used throughout the literature, which corresponds 

to the theoretical value for an electrode packed with 

identically sized non-overlapping spheres present in a 

low volume fraction (i.e., high porosity). Such simplified 

representation is not adequate for actual systems with 

complex active material morphology, low porosity, and 

with an inert carbon-binder domain (CBD) partially 

blocking the pores. Figure 1 shows tortuosity factors obtained for a set of (i) 7 positive NMC532 electrodes, in 

blue, (ii) 7 negative A12 graphite electrodes, in red, and (iii) 4 negative graphite electrodes specifically 

evaluated for XFC, in magenta. These tortuosity values have been estimated following a homogenization 

calculation, which consists of solving the steady-state diffusion problem within the three-dimensional 

electrolyte connected network whose geometry was imaged through X-ray tomography. As tomography was 

unable to distinguish CBD from the pore phase, CBD geometry was instead numerically generated by Purdue 

University/Prof. Partha Mukherjee according to a physics-based algorithm. Calendered electrodes (noted C, 

with filled markers) exhibit higher tortuosity factors compared with the uncalendered electrodes (noted UC, 

with unfilled markers) which is explained by the difference in porosity as Bruggeman relationships provide 

accurate correlations (dotted lines). However, each electrode type shows significant different tortuosity factors 

for similar porosities which denote intrinsic morphology differences exist between the three of them. 

 

To quantify particle morphology and relate it with the tortuosity factor, an in-house discrete particle size 

algorithm was used to identify each particle and quantify its shape and orientation. Figure 2 plots the tortuosity 

factor as a function of the mean particle elongation in the electrode-through-plane dimension over the mean in-

plane dimension. All  electrodes share a unique correlation with particle elongation. Thus, the reduced 

tortuosity for SLC and MCMB graphites compared with the A12 graphite is due to reduced particle elongation. 

Indeed, this result indicates an efficient way to improve transport property without increasing the porosity is to 

increase particle sphericity. Correlation of tortuosity with microstructure geometry will be refined as new 

tomography volumes become available in the future. Another way investigated to improve the transport-energy 

density trade-off consists in introducing geometric features in the pore network. Figure 3 shows the impact of a 

dual pore network made of straight pore channels over the initial pore network on the tortuosity factor for a 

A12 graphite. Introduction of a straight channel is particularly appealing for this graphite due to the particlesô 

largest dimension being aligned within the in-plane (blocking thus the through-plane diffusion). These 

additional channels have enhanced the through-plane tortuosity (-31%) for a limited cost of energy density 

(-4.5%). For reference, energy density would need to be reduced by 25% to achieve this same tortuosity 

improvement through the traditional method of increasing electrode porosity. Further work is required to 

optimize pore channel parameters to consider trade-offs in energy density, rate capability, and 

manufacturability. 

Figure 1. Tortuosity factors of NMC532, A12 graphite 

and XFC graphite as a function of porosity. UC (C) 

stands for uncalendered (calendered) electrodes. 
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Experimentally determined particle size (BET and laser diffraction, from NREL/Yves Parent) have been 

compared with the values obtained from the microstructure characterization. While a good match has been 

found for the NMC mean diameter with the laser diffraction technique, the latter provides unrealistic large 

particle size for the graphites, possibly due to particle clumping and non-spherical particles. Significant 

discrepancy has been found for the specific surface area, likely due to the different scale of observation 

between the two methods (molecular scale for BET, ~100 nm for the microstructure characterization). Indeed, 

specific surface area exhibits a fractal behavior as the surface appears rougher at higher image resolution. 

Image resolution sensitivity analysis has been performed to extrapolate the surface area for a near-zero voxel 

size, which allowed to reduce the difference between the two methods. Although, a higher image resolution 

(FIB-SEM at nanometer voxel size) would be required to improve the extrapolation and to potentially match 

the experimental measure. 

 

Tomographies performed on the XFC graphite were noisier for certain samples compared with the A12 

graphite and the NMC, thus increasing the segmentation error. Further, the CBD was partially visible on some 

XFC samples, making the segmentation process more difficult. To estimate the error induced by such 

uncertainty, a comprehensive sensitivity error has been performed for volume fraction, specific surface area, 

particle size, and tortuosity factor (the four microstructure parameters typically used in macro-homogenous 

electrochemical models) with the segmentation. It has revealed tortuosity factor is particularly impacted by the 

segmentation error, especially for the low porous graphite. Insufficient field of view ï due to larger graphite 

particles compared with the A12 graphite ï have prevented determining the size of the Representative Volume 

Element (RVE) for most of the XFC samples. As a consequence, additional tomographies will be repeated to 

confirm current findings. In the long-term, it may be required to move from a threshold-base segmentation 

method to a more advanced technique (eventually based on machine learning, as suggested in a proposal this 

year). Lastly, an experimental observation of the CBD is still required to validate the CBD generation 

algorithm. 

 

  

Figure 2. Tortuosity factors of 

NMC532, A12 graphite and 

XFC graphite as a function of 

solid particle elongation. 

Figure 3. Dual pore network used to reduce 

the tortuosity. CBD is not considered. Insert 

is the pore size, scaled with color, showing 

the 5x5 straight channels. 








































